Abstract The importance of dominance status to foraging and ultimately survival or reproductive success in wild primates is known; however, few studies have addressed these variables simultaneously. We investigated foraging and social behavior among 17 adult female Japanese macaques (Macaca fuscata) on Kinkazan Island, northern Japan, from September to November in 2 consecutive years (2004 and 2005) to determine whether interannual variation in food availability was related to variation in agonistic interactions over food resources and the feeding behavior of individuals of different dominance rank. We compared energy obtained with daily energy requirements and also examined the effect of variation in feeding behavior on female survival and reproductive success. Fruiting conditions differed considerably between the 2 yr: of four nut-producing species, the nuts of only Torreya nucifera fruited in 2004, whereas all four species, particularly Fagus crenata, produced nuts in abundance in 2005. The abundance and average crown size of trees of Torreya nucifera were smaller than those of Fagus crenata, and there was a higher frequency of agonistic interactions during 2004, when dominant, but not subordinate, individuals were able to satisfy daily energy requirements from nut feeding alone through longer nut feeding bouts. In contrast, all macaques, regardless of their dominance rank, were able to satisfy their energy requirements by feeding on nuts in 2005. Subordinate These findings suggest that an interaction between dominance rank and interannual variation in food availability are related to macaque behavior, survival, and reproduction.
Introduction
A fundamental problem facing group-living animals is that individuals are unable to avoid intragroup competition completely (Tilson and Hamilton 1984) . In social mammals, the influence of intragroup competition on foraging success can ultimately affect population levels by affecting adult mortality (Cheney et al. 1988) , birth rate (Holekamp et al. 1996) , and infant mortality (Borries et al. 1991) . Agonistic interactions often cause differences in resource acquisition among individuals (Holand et al. 2004; Robichaud et al. 1996; Sutherland 1996) . Such interactions become more frequent or more severe when food resources are concentrated, food patches are small, or interpatch distances are long, resulting in the monopolization of food resources by dominant animals (Vogel et al. 2007 ). For example, in tufted capuchins (Cebus apella), white-faced capuchins (C. capucinus), and Hanuman langurs (Semnopithecus entellus), foraging success among dominant individuals is greater than that of subordinates when resources are more concentrated, but not when more dispersed resources are available (Janson 1985; Koenig 2000; Vogel et al. 2007 ). Foraging success can ultimately affect population parameters such as adult mortality (Cheney et al. 1988; Wrangham 1981) , birth interval (Frank 1986) , birth rate (Bulger and Hamilton 1987; Holekamp et al. 1996) , and infant mortality (Borries et al. 1991) .
Nuts are the staple foods of many frugivorous mammals in temperate regions of Japan, Fagaceae, Betulaceae, and Ulmaceae (Koike 2010) . The abundance, distribution, and size of nut food patches/feeding sites available to animals vary from year to year (Suzuki et al. 2005) . Thus, we can predict that the rate of agonistic interactions displayed by group-living animals will also vary between years, as in tropical regions (Barton 1993) . For example, in years when nuts are available but are monopolizable, dominant individuals would achieve greater foraging success through agonistic defense of food resources, leading to lower mortality and higher birth rates. Conversely, to compensate for potential energy shortages, subordinate individuals might increase their foraging effort, e.g., by prolonging their total feeding time (van Schaik and van Noordwijk 1985) and increasing interindividual distances to avoid agonistic interactions (van Noordwijk and van Schaik 1987) .
We tested the importance of dominance status in foraging, survival, and short-term reproductive success among wild Japanese macaques (Macaca fuscata) on Kinkazan Island in northern Japan. Several previous studies have addressed the relationships between 1) interannual variation in the availability of nuts, i.e., the distribution of nut-producing patches, patch size, and density of nuts and 2) the frequency of agonistic interactions (Barton and Whiten 1993; Saito 1996) ; 1) and 3) foraging-related behavior and foraging success among dominant and subordinate animals (Iwamoto 1987) ; and 2) and 3) (Foerster et al. 2011 ) but few studies have systematically addressed all three variables simultaneously, as we do in the present study. In addition, few studies addressing interannual variation in food availability on mortality and the reproductive output of dominant and subordinate animals (Bercovitch and Strum 1993) have considered foraging behavior. Japanese macaques are a groupliving, matrilocal primate species typified by a clear, linear dominance hierarchy among adult females (Kawamura 1958) . Between September and November, which corresponds to the mating season (Fujita et al. 2004) , the macaques of Kinkazan feed on four main species of fallen nut: Fagus crenata, Zelkova serrata, Carpinus spp. (including C. tshonoskii and C. laxiflora), and Torreya nucifera (Tsuji et al. 2006) . As the nutritional content, unit weight, and feeding speed are all greater for these nuts than for other food items, their acquisition allows macaques to deposit fat (Nakagawa 1989; , which is important for female estrus and conception (Fujita et al. 2004; Takahashi 2002 ) and for over-winter survival (Muroyama et al. 2006) . Nut production on Kinkazan varies greatly from year to year (Tsuji 2010) , and the food habits (Tsuji et al. 2006) and ranging patterns (Tsuji and Takatsuki 2009 ) of Kinkazan macaques vary accordingly. A lack of predators and low intergroup competition (Saito et al. 1998 ) control for these potentially confounding variables, and we can readily evaluate nut availability because the macaques on Kinkazan feed mainly on nuts that have fallen to the ground during this season (Nakagawa 1989) .
We examined interannual variation in the availability of nuts, the frequency of agonistic interactions, foraging-related behaviour, and foraging success among dominant and subordinate individuals, and mortality and the reproductive output of dominant and subordinate individuals. We compared these variables over 2 yr (2004) (2005) to test the hypothesis that interannual variation in nut availability is linked to variation in agonistic interactions over nuts. In 2004, only Torreya nucifera fruited, whereas all four nut-bearing species fruited in 2005, with Fagus crenata being especially abundant (Tsuji 2010) . As a result, the energy available from the nuts was extremely low in 2004, but higher in 2005 than in any other year between 2000 (Tsuji 2010 . Under these conditions, we tested the following four predictions. 
Methods

Study Area
Our study site was Kinkazan Island (141°35′E, 38°16′N), located 0.7 km off Oshika Peninsula of northern Japan. The island is 5.1 km long and 3.7 km wide, with a total area of 9.6 km 2 . The highest peak is 445 m above sea level. The mean (± SD) daily rainfall on the island did not differ significantly between 2004 and 2005 between September and November (paired t-test, t 01.47, df 090, P 00.144), which corresponds to the mating season, and between December and February (paired ttest, t00.46, df089, P00.444), which corresponds to the food-scarce season (data source: Ishinomaki Weather Station; http//:www.data.kishou.go.jp; Fig. 1a ). In contrast, whereas the mean (± SD) temperature between September and November did not differ between 2004 and 2005 (paired t-test, t01 .47, df090, P00.144), the mean temperature was significantly different between December and February of the 2 yr (paired t-test, t03.77, df089, P<0.001; Fig. 1b 
Focal Individuals and Dominance Rank
Six troops of wild Japanese macaque live on Kinkazan (Izawa 2009 ). We studied troop A, which lives in the northwestern part of the island (Tsuji and Takatsuki 2009) . Troop A has been habituated to observation at close proximity (<10 m) since 1982. During the study period, the troop size varied from 29 to 39 individuals, including 2-5 adult males (>5 yr), 14-17 adult females (>5 yr), 8-9 juveniles (1-5 yr), and 1-12 infants (<1 yr). Data on the maternal kinship and dominance ranks of 17 adult females were available before the study (Table I ; see also Tsuji 2007) . We confirmed the dominance hierarchy using a matrix based on submissive behaviors observed during ad libitum sampling (Lehner 1979) , giving four high-ranking (H), six middle-ranking (M), and seven low-ranking (L) females (Table I ). Landau's index of linearity (h) for the adult females was 0.926, reflecting an almost linear hierarchy (Lehner 1979) . Japanese macaques are seasonal breeders, and females on Kinkazan mate mainly from October to November and give birth mainly between April and June (Fujita et al. 2004) . From 1982 to 1995, no female gave birth the year after a surviving infant was born (Izawa 2009 ). Thus, we assumed that all females without an infant during the mating season could potentially conceive (Fujita et al. 2004 (Table I) . Mean length of a focal sample was 257±70 min (N0146). We ensured that we sampled all females during both the morning (06:00-12:00 h) and afternoon (12:00-18:00 h) on different days (Table I) . We did not follow females in estrus, which we identified by facial redness or consortship with adult males or both (Fujita et al. 2004) , to eliminate the effect of this physiological status on foraging behavior (Matsubara and Sprague 2004) . Table I shows total sampling time for each female. Our methodology adhered to Japanese legal requirements.
Activity and Food Habits
We recorded the behavioral state of the focal individual every minute using instantaneous sampling. We classified activity into five categories: 1) feeding (including picking up, processing, and chewing at one location); 2) moving (including quadrupedal walking, searching for food, and running); 3) resting (including standing, sitting, lying without motion); 4) social grooming; and 5) others (including drinking, fighting, and alarm calling). If the subjects were feeding at a given sampling point, we recorded the number of food items consumed, e.g., one leaf, one entire fruit and nut, or a single bite of bark. We categorized food items as 1) nuts (including Fagus crenata, Torreya nucifera, Zelkova serrata, Carpinus spp., and others); 2) fruits/seeds (except for nuts); 3) leaves; 4) other woody plant materials (including buds, bark, sap, and gum); 5) herbaceous plants; 6) fungi; 7) animal materials; and 8) others (including soil and unidentified materials). Because the macaques fed on herbaceous plants with great rapidity, such plants were difficult to identify. The females rarely discarded any part of the feeding unit. When the focal female fed on a given food item at locations where observation conditions were poor, e.g., within a tree crown or on a cliff, we recorded only the food item(s) and the number of instantaneous sampling points to determine the duration of the feeding episode.
We defined the proportion of instantaneous sampling points for consuming food item i relative to all sampling points associated with feeding as the "feeding time percentage for food item i."
Nut-Feeding Bout, Size of Feeding Trees, and Number of Neighboring Macaques
For each nut feeding bout on the ground, we recorded the onset (when the focal female ingested the first nut) and end of nut feeding (when the focal female left the feeding tree). We also visually estimated the crown diameters of feeding trees in 1-m intervals, from which we calculated the size of ground area (obtained by diameter 2 ×π) beneath the feeding tree (m 2 ). Finally, we recorded the number of adult females within 3 m of the focal individual every 5 min to provide an indication of interindividual distances. Three metres has been shown to be the minimum distance tolerated by Japanese macaques before agonistic interactions become more common while foraging (Saito 1996) .
Nut Availability
To evaluate the availability of edible nuts on the ground from the four different species in the feeding patches for 2004 and 2005, we positioned 0.5×0.5-m quadrats at ground level under randomly selected nut-producing trees (N036 for each species), and estimated the number of nuts (no./m 2 ) from these quadrats. To calculate temporal changes, we repeated this procedure every 2-3 wk (2004: five times, 2005: six times), using different trees each time. In 2004 only Torreya nucifera produced fruit, so sampling was limited to this species, while in 2005 all four species fruited and were sampled.
Agonistic Interactions
We recorded agonistic behavior on a continuous basis. We recorded only agonistic interactions directed by the focal female toward other individuals, not those received by the focal female, to simplify the analyses. Following previous studies (Barton 1993; Saito 1996) , we recorded both overt, e.g., attack, and subtle, e.g., displacement and threat, agonistic interactions.
Estimation of Foraging Success
Estimation of Metabolizable Energy Intake (MEI) During the study period, we collected almost all food items consumed by the study subjects (72 of 80 food items). Of these, we reported the nutritional characteristics of 37 items elsewhere Tsuji et al. 2007) . We report the nutritional characteristics of the remaining 35 food items here. We dried each food item and weighed it according to its feeding unit (g) (N05). Then we milled and analyzed the item for crude proteins (% CP, obtained by C.N. coder), neutral detergent fiber (% NDF, obtained from the remnants left after neutral detergent boiling), crude lipids (% CL, determined in a Soxhlet tube), and crude ash (% CA, obtained from the ignition loss) . We measured the nutritional contents in duplicate and took the mean of the results. We calculated the gross energy content of food item i (e i , kcal/g) using the following formula (Maynard et al. 1979 ):
We calculated the rate of consumption of different food items as the dry weight consumed/min, and the rate of energy intake (EIS) by multiplying this number by the gross energy content/g of that food item.
We estimated the amount of energy intake (kcal) for a focal female during an focal sample, which provides a good indicator of foraging success, by combining behavioral data from the subjects and EIS for each food item, as employed by Iwamoto (1982) , Nakagawa (1989) , and . First, we calculated the gross energy intake (GEI) for a focal female during a focal sample (kcal), using the following formula:
where FT i represents the number of instantaneous sampling points for consuming food item i. To estimate the energy intake from food item i when observation conditions were poor, we used the average EIS for the given food item (Nakagawa 1989; ). Then we multiplied the apparent energy digestibility for a given wild food item (55%, Nakagawa 1989; by GEI to estimate the digestible energy intake. Finally, we calculated metabolizable energy intake (MEI, kcal) during the focal sample by subtracting the energy lost in urine (estimated as 4% of GEI, Nagy and Milton 1979) from the digestible energy intake.
Estimation of Energy Requirements (ER) During Focal Samples
We estimated daily energy requirements according to Nakagawa (1989) : a non-nursing adult female (8 kg in body weight) requires 517.9 kcal during one whole day in autumn (600 min). This gave us the energy required per minute, and we calculated the energy requirement during the focal sample i (ER i ) (kcal) using the following formula:
where OT i represents the duration of the focal sample i. When MEI i was inferior to ER i , we considered the focal female to be experiencing an energy shortage.
Population Parameters
During the birth season (from April to June) of 2005 and 2006, we recorded all births and the presence of each adult female. We assumed that females who had disappeared during our observations in the two seasons had died. For each dominance rank, we calculated a modified birth rate and adult mortality (Fujita et al. 2004) :
Modified birth rate ¼ no: of females that delivered ½ = no: of adult females with no infant < 1 yr ½ Â 100 Adult mortality ¼ no: of females disappeared ½ = no: of adult females in last May ½ Â 100
Statistical Analyses
We employed the Kruskal-Wallis tests and post hoc Steel-Dwass tests to test the temporal change in nut availability. We employed the Mann-Whitney U tests to test the difference in the average crown size of nut-producing trees between 2004 and 2005. For these analyses we set significant levels at 5%. We constructed generalized linear mixed models (GLMMs) to examine the effects of year, dominance rank and their interaction on 1) the frequency of agonistic interactions, 2) the mean length of nut-feeding bouts in the focal sample, 3) time spent on a given activity (represented by the number of instantaneous scan samples), 4) number of neighboring macaques, and 5) MEI. We treated a single focal sample as a unit of data. We conducted the statistical tests using the glmmML, lme4, MASS, and aod packages in R.2.9.1 (R Development Core Team, Vienna, Austria). We included the identity of each individual as a random effect in our models (Bolker et al. 2008) . We analyzed the main effects of year and rank and their interaction on nut feeding and eating other food items separately. To eliminate the effect of difference in focal sample lengths on the given dependent variables, we added an offset term to the model for each analysis, except for the length of nut-feeding bouts, which are independent of focal sample length (Table II) . We selected the best models using the "stepAIC" function in the MASS package in R.2.9.1 (R Development Core Team, Vienna, Austria). We omitted seven focal samples where we achieved <2 h of observation from the analyses. 
Results
Food Habits in
Description of Nut-Producing Trees
In 2004, 93 of the 128 nut-producing trees used by macaques were of the species Torreya nucifera. The next most commonly used species was Quercus serrata (N 031). The mean ± SD nut tree size was 40±28 m 2 (34±20 m 2 for Torreya nucifera). In contrast, 220 of the 294 nut-producing trees used by the macaques in 2005 were Fagus crenata. In addition, macaques fed on the nuts of Torreya nucifera (N028), Quercus serrata (N017), Carpinus spp. (N013), and Zelkova serrata (N 09). The average crown size of nut-producing trees was 
Agonistic Interactions (Prediction 1)
We observed a total of 257 agonistic interactions during the study period. The mean (± SD) frequency of agonistic interactions initiated by the focal individuals (times/ sampling hour) was significantly greater in 2004 (0.68±0.78, N017) than in 2005 (0.22±0.27, N014; paired t-test, t02.62, df013, P00.021). Agonistic interactions occurred more frequently during feeding (both nut feeding and other feeding) in 2004, whereas they occurred more frequently during resting and grooming in 2005 (Table IIIa) . Selected models showed that year affected the occurrence of agonistic interactions during all activities with the exception of resting, i.e., the frequencies of agonistic interactions were greater in 2004 (Table IIIa) . The frequency of agonistic interactions was greater during resting in 2005 than in 2004 (Table IIIa) . Moreover, rank showed a negative association with the frequency of aggressive behavior during feeding and moving (Table IIIa) . Finally, we found an interaction between rank and year for feeding on other food items, showing that dominance status affected the frequency of agonistic interactions during feeding in 2004, but not in 2005 (Table IIIa) .
Foraging-Related Behavior (Prediction 2)
The frequencies of total feeding, feeding on other items and moving all decreased from 2004 to 2005, whereas resting and grooming both increased from 2004 to 2005 (Table IIIb) . Further, rank showed a negative association with total feeding (H > M > L). Our models showed an interaction between rank and year for nut feeding, moving, and resting such that rank negatively correlated with nut feeding in 2004 (H > M > L), but this effect was not clear in 2005 (H > M 0 L; Table IIIb) . Subordinates spent (Table IIIb) . Year had a positive effect on the number of neighbors within 3 m of a focal female during moving and resting (2005>2004; Table IIIc) . Rank showed a negative association with the number of neighbors a focal female had while moving (H > M > L). Finally, an interaction between rank and year affected the number of neighbors a focal female had during feeding (on both nuts and other items) and grooming. During feeding, rank showed a negative association with the number Table IIIc) .
Year, rank, and their interaction in our models all affected the length of feeding bouts on nuts, on other food items, and on all food items. Rank showed a negative association with nut feeding in Table IV ).
Foraging Success (Prediction 3)
We found clear differences in the association between MEI and rank in 2004 (Fig. 2 , Table IV ). Most of the dominant individuals obtained enough energy from nuts to exceed their estimated ER (Fig. 2a) ; they generally obtained less energy from other food items than did subordinates (Fig. 2b) . Further, the MEI from all food items was greater for dominant than for subordinate individuals (Fig. 2c ). These differences in MEI among females of different rank disappeared in 2005, when all females were Thus, our results support Prediction 1. We found an interaction between year and dominance rank during "other feeding" in 2004, when dominant females frequently initiated agonistic interactions; however we did not find this same interaction during 2005 season . This finding reflected differences in the main food items in the 2 years: food items other than nuts consumed during the autumn of 2004 consisted mainly of fruits and seeds. In 2005, competition for such food items decreased because the macaques spent significantly more time feeding on nuts, the availability of which was markedly higher than in 2004, particularly those of Fagus crenata. Engaging in aggressive interactions is disadvantageous for subordinate individuals, because in addition to losing the opportunity to access quality food resources such as nuts, they run the risk of physical injury (Sutherland 1996) . In the present study, low-ranking individuals were unable to remain at feeding trees for long periods in 2004, possibly because of the increased risk of agonistic interactions. Among long-tailed macaques (Macaca fascicularis), subordinate individuals tend to increase their foraging effort when faced with food restrictions, e.g., they prolong total feeding time (van Schaik and van Noordwijk 1985) and increase their interindividual distances (van Noordwijk and van Schaik 1987 ). In the current study, subordinate individuals engaged in longer periods of moving (perhaps thereby increasing the amount of time available for searching for food on the ground) and appeared to avoid getting within close proximity to neighboring macaques by increasing their interindividual distances and often feeding alone. Therefore, it seems that low-ranking macaques in our study modified their foraging tactics in response to interannual variation in the food environment. These findings support Prediction 2.
In 2004, the MEI from nuts available to subordinate individuals was much lower than that available to dominant females, owing to differences in the length of nut-feeding bouts exhibited by the different dominance ranks. Previous studies have shown that the amount of time spent at feeding patches is important to an animal's foraging success (Janson 1985; van Noordwijk and van Schaik 1987) , and our results support these findings. In the present study, subordinate individuals were able to increase their MEI by resorting to other food items and, in this way, some were able to obtain sufficient total energy. Such foraging tactics occurred only over the short term because Torreya nucifera were not available in 2004 beyond late November, after which subordinate individuals fed on non-nut foods. As a consequence, the MEI after late November could not satisfy the ER of these individuals. From December to February, which corresponds to the food-scarce season, Japanese macaques expend body fat accumulated during the previous season (Muroyama et al. 2006) , and it is possible that subordinate individuals were unable to deposit adequate amounts of body fat after late November, 2004. A food shortage at this time could thus cause more serious long-term consequences for lower-ranking individuals. The fact that two mid-ranking adults and one low-ranking adult died during the foodscarce season of 2004, and only one female gave birth the next birth season, supports this hypothesis. However, nut production in 2005 was much greater (Tsuji 2010) The physical conditions of temperature and rainfall often affect population parameters (Pavelka et al. 2003) ; however, these conditions did not play a role in the results of the present study because both daily rainfall and temperature during the mating season (September-November) and following the food-scarce season (DecemberFebruary of the next year) were similar in 2004 and 2005, with the exception of the temperature during the food-scarce season. The fact that no females died during the food-scarce season of 2005, when the temperature was lower, i.e., more severe for the macaques, than that in 2004 further suggests that physical conditions were not a factor in the present study. Our results therefore support Predictions 3 and 4, although the findings for Prediction 4 are inconclusive owing to the small sample size. The large annual variation in birth rate and mortality on the island reported by Izawa (2009) may be partially explained by the yearly variation in nut availability and consequent variation in feeding behavior of individuals in different dominance rank. However, a longer-term study of population parameters needs to be undertaken to confirm this hypothesis.
In conclusion, a great deal of evidence indicates that yearly changes in food availability can affect the physical condition of animals, in terms of energy intake (Curran and Leighton 2000; Knott 1998 ), body mass (Feldhamer et al. 1989) , estrus patterns (Takahashi 2002) , and birth rate/infant mortality (Eiler et al. 1989 ). The present study tested the hypothesis that interannual variation in the food environment indirectly influences primate nutritional conditions through modification of their foraging behavior. We also demonstrated that such variation in food supply differentially affected individuals according to dominance rank; subordinate females faced serious food shortages during a year of low nut availability. In addition, the behavioral variation was reflected in survival and reproduction, although these results should be treated with caution owing to small sample size and short-term measures of reproduction. Because yearly changes in food availability, especially nut fruiting, are common in temperate regions (Suzuki et al. 2005) , yearly changes in staple food production may thereby ultimately affect the population dynamics of animals. % NDF=neutral detergent fiber content; % CP=crude protein content; % CA=crude ash content; % CL=crude lipid content; GE=gross energy. These were analyzed at least twice and averaged.
FUW=feeding unit weight; N=total number of 1-min instantaneous scan samples for feeding.
a A: this study, B: from Tsuji et al. (2007) , and C: from .
